The ReactorSTM: Atomically resolved scanning tunneling microscopy under high-pressure, high-temperature catalytic reaction conditions Rev. Sci. Instrum. 85, 083703 (2014) Here, we present the design of a new reactor-like high-temperature near ambient pressure scanning tunneling microscope (HT-NAP-STM) for catalysis studies. This HT-NAP-STM was designed for exploration of structures of catalyst surfaces at atomic scale during catalysis or under reaction conditions. In this HT-NAP-STM, the minimized reactor with a volume of reactant gases of ∼10 ml is thermally isolated from the STM room through a shielding dome installed between the reactor and STM room. An aperture on the dome was made to allow tip to approach to or retract from a catalyst surface in the reactor. This dome minimizes thermal diffusion from hot gas of the reactor to the STM room and thus remains STM head at a constant temperature near to room temperature, allowing observation of surface structures at atomic scale under reaction conditions or during catalysis with minimized thermal drift. The integrated quadrupole mass spectrometer can simultaneously measure products during visualization of surface structure of a catalyst. This synergy allows building an intrinsic correlation between surface structure and its catalytic performance. This correlation offers important insights for understanding of catalysis. Tests were done on graphite in ambient environment, Pt(111) in CO, graphene on Ru(0001) in UHV at high temperature and gaseous environment at high temperature. Atom-resolved surface structure of graphene on Ru(0001) at 500 K in a gaseous environment of 25 Torr was identified.
I. INTRODUCTION
Many chemical and physical processes are performed at interfaces of solid-liquid, or solid-gas such as thermal catalysis for chemical transformation and energy conversion, or at tri-phase zone of solid-liquid-gas for electrocatalysis in fuel cell and battery technology. Different from other physical or chemical processes, a solid catalyst must function in the environment of gas or/and liquid. In most cases, only a few atomic layers of surface and sub-surface play the role in catalysis. In contrast to atomic layers in a bulk, atoms of surface or/and subsurface typically exhibit different geometric structures due to their under-coordination when lattice is broken or distorted in surface region. Typically, these atoms relax to minimize their surface energy even in ultrahigh vacuum. The slight adjustment of atomic geometry and coordination is called surface relaxation. 1 In addition, electronic state of atoms of surface is likely different since coordination environment of these atoms is different from that in bulk. In fact, an active catalyst surface is much more complicated when a surface is remained in an environment of gas or liquid. Atoms in surface layer and even nearly surface layers are significantly impacted by the existence of environment. [2] [3] [4] [5] [6] The complexity is largely enhanced when the catalyst functions at a high temperature.
As reactant molecules are molecularly or dissociatively adsorbed on catalyst atoms of a surface, surface free energy is in fact influenced by the gas or liquid reservoir of adsorbed reactant molecules or species dissociated from reactant molecules. We can assume that a catalyst A is buried a) Author to whom correspondence should be addressed. Electronic mail:
ftao@nd.edu.
in a gaseous reactive environment such as E 2 (E is the element of a reactant gas). The catalyst surface is in a thermodynamic equilibrium with the gaseous environment. Under thermodynamic equilibrium, the surface is at equilibrium with the portion of catalyst atoms below the surface and the adsorbate molecules or species and gaseous molecules in gas reservoir (certain temperature and pressure) above it. The gaseous reservoir of adsorbate or dissociated species could influence the surface structure of catalysts. For example, gas reservoir with a high chemical potential could be favorable for a catalyst surface with high coverage of adsorbed molecules or dissociated species. The high coverage of adsorbates or dissociated species could restructure the catalyst surface correspondingly. Therefore, in contrast to surface structure in ultra-high vacuum or high vacuum, the surfaces of catalysts in reactive or corrosive environments (reactive gases or liquids, acidic solutions, etc.) are very likely to restructure, in order to adapt their geometric and electronic structure to the surroundings. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Such adaption induced from a gaseous or liquid environment could have profound effects on the functions of a catalyst. In many cases, the structure and composition of the catalyst surface in a reactive (or corrosive) environment in which it functions, differs from those in high vacuum. This difference has been demonstrated in recent studies. 2, 3, 5 In addition, structure and chemistry of the catalyst surface upon removal of a catalytic or reaction condition could be different from that during catalysis since catalyst surface could be maintained only when the reactant mixture with certain pressure around the catalyst is remained at a high temperature. Figure 1 presents three potential surface phases of a catalyst upon removal of the catalytic condition after catalysis. Thus, a characterization of a catalyst in high vacuum at room temperature or near to room temperature upon removal of the catalytic condition may not offer structure and chemistry of the original surface of catalyst during catalysis. Recent studies have demonstrated that surface structure upon catalytic condition or reactive condition is removed could be different. One example is the pressure-dependent surface structure of a model catalyst Pt(557). 9, 20 Pt(557) is restructured into nanoclusters with a thickness of 2-3 atomic layers under reaction condition (1 Torr CO or above). Interestingly, it reverts to a stepped surface after CO is purged and a high vacuum environment is reached. Another example is gas-dependent morphology of Cu nanoclusters on ZnO.
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Upon H 2 O of a mixture of H 2 and H 2 O is purged, surface morphology is reverted to that in pure H 2 environment. It is challenging to predict how an existing reactant gas environment could impact a catalyst surface during catalysis. One safe approach is to always track surface chemistry and structure during catalysis or under reaction conditions if techniques or instruments are available.
Vibrational spectroscopy has been used to track vibraitonal signature of adsorbates and even catalyst surfaces. [25] [26] [27] [28] scanning tunneling microscope (STM) is complimentary for vibrational spectroscopy since microscopy provides structural signature of the catalyst surface at atomic scale. However, operando study of surface structures of catalysts (surface coordination, atomic arrangement) at high temperature at atomic level has been an extremely challenging issue for many years.
STM itself can functionalize at ambient pressure conditions as the tunneling process occurs at a tip-sample junction with a distance of only 1 Å-5 Å. Pressure does not prevent application of STM to catalysis. It has widely been used to image self-assembled monolayers at solid-liquid interfaces. [29] [30] [31] [32] [33] In fact, filling gas into a UHV chamber with STM was the earliest version of high pressure STM studies. 34 However, a direct filling of reactant gas in the whole UHV chamber certainly makes visualization in gaseous environment at high temperature and kinetics studies impossible due to reasons to be discussed in Sec. II A.
A few ambient pressure STMs or termed high pressure STMs were built. [35] [36] [37] [38] [39] [40] [41] The possibility of performing STM studies was demonstrated in 1990s. 35 Later, a high pressure STM with a relatively small volume of reaction cell was built. 36, 41 In addition, a chamber-based high pressure STM was designed by Besenbacher group. 37 A highresolution Aarhus STM body was installed onto a UHV chamber through an 8 in. flange, 37 in which reactant gas is directly filled into this chamber; Atom-resolved images of model catalyst at room temperature were obtained in reactant gases with different pressure. 17 In addition, recently a high pressure cell with a volume of 1.5 L containing a STM head was built for studies in a pressure from UHV to 760 Torr. 39 Most of these high pressure STMs are typically used to study surface structures of catalysts at room temperate in an environment of reactant/products at a pressure up to 1 bar. Recently, a chamberin-chamber high pressure STM was designed. 40 In this design, the STM body including scanning tube and coarse approach motor, tip, and sample stage were installed into a small reactor with a free volume of only 19 mL. 40 It can visualize surface details of model catalysts at atomic level even up to ten bars at room temperature. In summary, progress was clearly made by several groups in this field; different high pressure STMs have been successfully built. These efforts have offered catalysis community new chemical information of model catalyst surface under reaction conditions and even during catalysis.
It has been noted that thermal drifts resulting from the non-equilibrium system of hot sample and cold tip and the decay stability of piezo-electrode at a varying temperature are barriers to achieve an image with atomic resolution from catalyst surface buried in a gaseous environment. Visualization of surface details at atomic level at a temperature higher than room temperature in gaseous environment of reactants has remained extremely challenging so far. This is the bottleneck to apply STM technique to identify surface details at atomic level during catalysis since most of catalysis is performed at a temperature higher than room temperature. To visualize surface structures of catalysts at high temperature in ambient pressure, here we designed a new reactorlike high-temperature near ambient pressure STM (HT-NAP-STM) through a collaboration with SPECS Surface Nano Analysis GbmH. Aarhus piezo scanning tube and coarse approaching motor were used. 37 It was built at SPECS. In this HT-NAP-STM, catalytic reactor is separated from STM room and thus minimizes thermal drift, allowing visualizing surface structure at atomic level for catalyst surfaces at certain high temperature in near ambient pressure environment. Figure 2 (a) is a CAD drawing of the whole HT-NAP-STM system. Figure 2(b) is the photo of the whole HT-NAP-STM system. It includes HT-NAP-STM chamber, sample preparation chamber, and a fast load lock. The feature of the new instrumentation of such a system is the integration of a minimized catalysis reactor and a STM room into a small cell called HT-NAP-STM cell here (Fig. 3) . This cell is assembled to a regular UHV chamber (Fig. 2) .
II. DESIGN OF THE HIGH TEMPERATURE NEAR AMBIENT PRESSURE STM

A. Concept of a high temperature near ambient pressure STM cell with a differential pumping system
Due to the factor of reaction temperature, it is necessary to have a reactor to separate the warm gas around a catalyst from the cold chamber wall. Without a reactor, large amount of heat is requested to maintain a sample at a relatively high temperature since the gas capacity in a regular UHV chamber is several or tens of liters which is much larger than 10 ml of the reactor of this system. The gas in chamber will transfer a lot of heat from a hot catalyst to the chamber wall. A warm or hot chamber wall will desorb the adsorbed molecules such as H 2 O or contaminants which largely contaminate the catalyst surface during catalysis at high temperature. Without a reactor, the pressure of a reactant in a UHV chamber will be only 1 bar or lower since the sealing mechanism of a ConFlat flange of UHV chamber does not prevent leaking from cavity of a UHV chamber to ambient environment. In addition, to study surface during catalysis at kinetic control regime, the volume of a reactor should be 10-20 ml, similar to that of a micro-flow reactor used for evaluation of catalytic performances in most catalysis labs. However, in a single chamber design, where gas is filling in a whole UHV chamber, reactant gases are introduced into the chamber and kept in the chamber nearly statically. The mass transfer limitation resulting from a large amount of reactants around a catalyst in a UHV chamber makes kinetics studies impossible. Thus, it is challenging to simulate catalytic kinetics performed in a micro-flow reactor. Another reason is the vibration transduced from a UHV chamber to the STM room through the gaseous environment filling in the reactor. In this HT-NAP-STM, we designed a minimized reactor for catalysis reactions. It can be run in a flow or batch mode ( Fig. 3(a) ). Different from other chamber-in-chamber design, 40 here the minimized reactor was assembled to a STM room. More importantly, the STM room is thermally insulated from the reactor. The volume of gas filled in the reactor is only ∼10 ml. The hot gas filled in the reactor is marked with red in Fig. 3(a) . Reactant gases are introduced through the inlet and flow out through the outlet. Figure 3(b) is the three-dimensional drawing of the reaction cell with differential pumping.
To have a better vacuum in the section between the reactor and the STM chamber wall to remain the cleanness of the STM chamber, it is necessary to minimize leaking of reactant gas from the reactor to the STM chamber. Thus, a differential pumping was designed (Fig. 4(a) ). Using this differential pumping system, the vacuum in the UHV chamber can be remained at 10 −8 Torr, while the pressure in the reaction cell is 100 Torr. Furthermore, the UHV chamber remains in an acceptable high vacuum even though the gas pressure in the reactor is 1 bar.
B. Integration of a minimized reactor and STM room and minimization of thermal diffusion from the reactor to STM room
As warm gas around a hot catalyst transfers energy to the STM room mainly including STM scanning tube and piezoelectric coarse approach motor, it is necessary to minimize thermal diffusion from warm gas to STM scanning tube and coarse approaching motor. A dome made of molybdenum (Fig. 4(a) ) to isolate the STM room from the reactor was installed. A small aperture of 0.5 mm was made at the center of the dome to allow tip approach to or retract from a catalyst surface. The small aperture largely reduced the flow of warm gas to STM head. In addition, a backfilling internal gas line was installed (Fig. 3(a) ) to flow room-temperature reactant gases from STM room to the reactor through the aperture. This reverse flow of the same gas(es) at room temperature can counterbalance diffusion of warm or hot gas from catalysis reactor to STM room.
C. Sample heating
Catalyst in the reactor is heat by irradiation of catalyst surface from a halogen lamp through a window. The window is made as a part of the reactor (Fig. 4(b) ). This lamp was installed at the vacuum side of the catalysis reactor. Sample temperature is measured through thermocouple attached to the sample in the reactor. Sample temperature is tuned through applying different power to the halogen lamp.
D. Preservation of STM room at near room temperature
Although piezo scanning tube and piezoelectric coarse approaching motor can be baked to 110
• C for days, they only function at room temperature or near to room temperature (<60
• C). It is necessary to remain them at a constant temperature during scanning. As described in Sec. II B the dome and its aperture and the backfilling gas line can effectively minimize the thermal exchange between hot catalysts and warm gases in catalytic reactor and STM room. Additionally, heating and cooling of the substrate of coarse approach motor and scanning tube help preserve a constant temperature during scanning. A Cu braid connected to the base of motor is used to cool the coarse approaching motor and thus further cool the scanning tube if the temperature of the coarse approaching motor and scanning tube is higher than the set temperature. Miniature Zener diode installed on the Cu block near to the STM motor can heat motor and scanning tube if the temperature of motor is lower than the set temperature. These instrumentations are critical for preservation of a constant temperature of STM room during scanning for a high resolution imagining when a sample is at high temperature in gaseous environment.
E. Regeneration of a STM tip
A fast exchange of STM tip is critical in the visualization of surfaces of catalysts during catalysis or under a reaction condition. As a tip could be contaminated readily in a gaseous environment, it needs to be replaced frequently for catalytic in situ and operando studies of catalysis in contrast to UHV-STM studies. A convenient preparation of a refresh tip is necessary. In this HT-NAP-STM, an in situ regeneration method is applied. A sputter ion gun installed on a manipulator of STM chamber (Fig. 2(b) ) is used to regenerate a new tip. The Ar ion beam will mill the tip materials. The rate of shoveling off tip materials (W or Pt-Ir) at the edge of a round wire is much larger than that at the center of a metal wire. An ion source is installed right above the cover of the catalytic reactor. Thus, a sputtering of a used tip for 5-10 min can regenerate a fresh tip without a replacement of tip.
III. VISUALIZATION OF CATALYST SURFACE BY USING THIS HT-NAP-STM
We tested this HT-NAP-STM system with different samples in different environments at different temperatures including HOPG at room temperature in air, graphene on Ru(0001) at high temperature in vacuum, Pt(111) at room temperate in CO remained in catalysis reactor, graphene on Ru(0001) at high temperature in N 2 remained in catalysis reactor. Figure 5 is atom-resolved images of HOPG in ambient environment at 25
• C. Obviously, every other carbon atom of the surface layer of HOPG is clearly resolved.
Graphene was grown on Ru(0001) substrate in the STM chamber. To test the high temperature function in UHV, STM images were collected when graphene on Ru(0001) was remained at 700 K. Figure 6 is the images of graphene grown on Ru(0001) which were collected when sample was at 700 K in UHV. Moire pattern was obvious on this surface (Fig. 6(a) ). O(2 × 2) superstructure formed at step edge of Ru(0001) marked with a rectangle box was clearly identified at 700 K ( Fig. 6(a) ). Notably, each carbon atom of the graphene layer on Ru(0001) was clearly visualized when surface is at 700 K in UHV (Fig. 6(b) ). These tests demonstrated the function of visualization of surface at atomic scale when the sample is at high temperature in UHV.
In order to test the function of the reaction cell at room temperature, Pt(111) was installed as as a model catalyst. CO gas was introduced to the flow cell; CO pressure in the reactor is kept at 1 Torr. This HT-NAP-STM was used to examine Pt(111) surface at room temperature in CO. In Fig. 7 , terraces and edges were clearly identified. Moire pattern was observed. It is similar to early observation. 17 Atomic details of the Pt(111) surface in gaseous environment of CO were clearly identified in the inset of Fig. 7(b) .
The HT-NAP-STM was used for visualization of surface of graphene on Ru(0001) when the surface was at 500 K in 25 Torr N 2 . Notably, the scanning was being performed when the sample was at 500 K in 25 Torr nitrogen. This is the way to observe surface structure of model catalyst during catalysis. Moire pattern was clearly observed in Fig. 8(a) . Scanning a small area offered information on carbon atoms of graphene layer on Ru(0001). Carbon atoms of the graphene layer grown on Ru(0001) were real-time identified when the sample was at 500 K in 25 Torr N 2 . These tests confirmed the success of imaging surface of catalysts with atomic resolution at high temperature with near ambient pressure.
Another feature of the application of this HT-NAP-STM is to track the dynamic restructuring of model catalysts with the fast scan mode. As shown in Fig. 9 , restructuring was clearly identified. Nanoclusters are formed at edge of terraces with a timescale of 1 min. Figure 9 demonstrated the function of tracking restructuring of atoms of model catalysts at a timescale of seconds to minutes.
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IV. CONCLUSIONS
Driven by the necessity of studying surface structure of catalysts at atomic level during catalysis or under reaction conditions, a new high temperature near ambient pressure STM (HT-NAP-STM) was successfully designed. The main feature is the successful separation of reaction cell from STM room by installation of a dome with an aperture for tip moving in or out. Visualization of surface structures of catalysts at high temperature in near ambient pressure at atomic level was demonstrated for the first time. The reactor-like HT-NAP-STM allow to measure catalytic performances during catalysis in a flow reactor and simultaneously visualize the surface structure of a catalyst at atomic level, building a correlation between surface structure and catalytic performance of this catalyst. Such a correlation is critical in understanding catalytic mechanism.
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